PURPOSE. Quality of vision in patients who have undergone corneal refractive surgery depends upon the optimal centration of the procedures used. The center of the pupil is used as a reference point in some corneal ablation procedures. The achromatic axis would be a more sensible option from an optical point of view, but it is not as readily detectable. As an alternative, other refractive techniques, like the small aperture corneal inlay for presbyopia correction, use the corneal reflex (first Purkinje image). To assess the relative position of these two marks, we developed a new instrument to simultaneously measure both the first Purkinje image (PI) and the intersection of the achromatic axis with the pupil plane.
A number of refractive surgical techniques are available for the correction of refractive errors. [1] [2] [3] Presbyopia also can be partially compensated with approaches such as the small aperture corneal inlay. 4 Because the human eye is not an aligned, rotationally symmetrical optical system, the question about the optimum location of the treatment's centration of the surgery on the cornea is still open and remains a topic for discussion.
Uozato and Guyton 5 claimed that the best location for corneal surgery is the center of the entrance pupil instead of the visual axis. Conversely, Pande and Hillman 6 suggested that the coaxially sighted corneal reflex should be used as the reference point for centration because, in practical terms, it is the easiest way to center on or about the visual axis. It has been shown that this discussion is especially relevant for those eyes with a large angle kappa, which occurs mainly for hyperopic patients. [7] [8] [9] To clarify our terminology, the visual axis is the line connecting the fovea with the fixation point passing through the nodal point, and the corneal reflex is the virtual image formed by reflection on the first surface of the cornea, also called the first Purkinje image (PI).
A surgical technique that is especially sensitive to centration is the small aperture corneal inlay. It is a theoretically simple concept that can provide good visual acuity for both far and near vision when implanted as a modified monovision approach. 10 The inlay is a small opaque disk with a 1.6-mm inner aperture to extend depth of focus. However, even a small aperture can produce undesired optical effects if centration is not correct. Displacing a pinhole aperture in front of the eye induces foveal transverse chromatic aberration (TCA), degrading retinal image quality. [11] [12] [13] In order to minimize the impact of TCA, the aperture should be located at the intersection of the visual axis with the cornea because in that case, the achromatic axis 11 becomes the visual axis and the aperture is at the achromatizing pupil (AcP) position. Tabernero and Artal 14 showed by using numerical simulations with data from real eyes that a decentration of 0.4 mm from a previously estimated optimal point could noticeably decrease image quality. In clinical practice, it is not easy to find the visual axis, but it is assumed, based on model eyes, that for the most part of the population, it lies somewhere between the pupil's center and the corneal reflex, both of which are easily detectable. The typical centration of the corneal inlay is on the corneal vertex, approximately half way between both locations. [15] [16] [17] For any of the surgical techniques mentioned above, it is relevant to know the potential mismatch when actually centering on the PI but ideally aiming for the intersection of the visual axis with the cornea. The goal of this work was to determine the location of both reference points and their relative distances in a normal population in order to assess the validity of a widely used procedure for corneal surgery centration. To this end, we designed and built a new instrument capable of simultaneously locating the position of both the corneal reflex and the intersection of the visual axis with the eye pupil plane.
METHODS
We obtained data for 90 eyes from 48 normal subjects (19 males and 29 females). Mean patient age was 29 6 10 years old (range, 21-59 years of age), and the average axial length was 23.74 6 1.13 mm (range, 21.94-27.53 mm). On average, our population was slightly myopic, with a mean equivalent refractive error of À0.84 6 1.42 diopters (D; range, À3.88 to þ1.75 D). Astigmatism was below 2.5 D for all subjects. Mean pupil diameter was 5.5 6 1.0 mm (range, 3.4-7.2 mm).
The instrument is able to simultaneously register the positions of both the PI and AcP over the pupil plane. The system was designed with 2 coaligned light paths, 1 to capture an image of the real pupil of the subject (optical path) and the other path to present the eye with a visual chromatic test (visual path). Figure 1 shows a schematic diagram of the setup. In the optical path (Fig. 1, red lines) , the eye is illuminated with a circular array (4-cm diameter) of infrared light-emitting diodes (LEDs; mean k ¼ 850 nm) located 5 cm from the subject's pupil plane. This pupil plane is optically conjugated with a transmissive spatial light modulator (SLM) for intensity modulation (model LC2002; Holoeye Photonics AG, Berlin, Germany) using the telescope formed with lenses L2 and L3 (both achromatic doublets of 60-mm focal length). A real-time sequence of images of the pupil plane that also contains the corneal reflection of the circular infrared source (i.e., the PI) is recorded by a complementary metal oxide semiconductor camera sensor (model PL-B741; pixeLINK, Ottawa, ON, Canada) equipped with a telecentric teleobjective lens (0.53; working distance: 110 mm).
The visual path ( Fig. 1 , green lines) consists of a pico projector (PRY; Micro professional projector model MPro150; 3M Projection Systems, St. Paul, MN, USA) for generation of the chromatic visual test; a collimating lens (L1; achromatic doublet of 200-mm focal length); and a cold mirror to direct the chromatic test toward the eye coaxially to the optical path. The projector is mounted over a linear stage that allows axial displacement to compensate for possible defocus refractive errors (up to 64 D). Subjects observe the visual test through a pupil of 1.0 mm diameter generated at the SLM plane. To stabilize the subject's head, a disposable sterile wood tongue depressor was used as a bite bar. This renders the instrument more accurate than when a chin rest is used, and the procedure is simpler and more comfortable for the subject than undergoing a dental impression procedure.
The visual chromatic test consists of a simultaneous X/Y two-color Vernier alignment test similar to that used by Rynders et al. 18 to measure transverse chromatic aberration. An inner cross in red (central k ¼ 628 nm) aligned with an outer one in blue (central k ¼ 456 nm) are presented to the subject. Angular sizes were 0.348 for the red and 1.158 for the blue crosses respectively.
The experimental procedure started with the alignment of the eye's pupil to the optical axis of the instrument by using real-time images provided by the camera in the optical path. The subject was then instructed to fixate on the chromatic stimulus and move the projector over the linear stage until both crosses were perceived in focus. In theory, this is not achievable due to the longitudinal chromatic aberration and the requirement for the subject was to search for a compromise position that would allow a later proper alignment of the red and blue stimulus. Only when the small aperture is located at the AcP position would the subject see the red and blue crosses properly aligned. Otherwise, some misalignment would be perceived due to the induced TCA. Therefore, the subject's task was to realign both crosses horizontally and vertically by moving in 32-lm steps the 1.0-mm pupil on the SLM, using the arrow keys of a keyboard. Once both crosses were perceived to be aligned, the subject had to steadily fixate on the crosses and simultaneously press the space bar in the keyboard, triggering the software to save both the small aperture position and an image of the actual pupil and corneal reflection. This procedure was repeated 10 times per each eye. The image recorded was later processed to obtain the center of the eye's pupil and the position of the PI. Figure 2 shows an example of an image recorded and analyzed to estimate the center of the pupil (Fig. 2, red line) and the position of the corneal reflection (Fig. 2, blue line) . FIGURE 2. Pupil plane picture for one subject. This image was processed to determine the contour (and center) of the pupil (red line) and the corneal reflection circle (blue line). Additionally, the position of the small pupil at the time is also recorded.
RESULTS
Estimates of the AcP and first PI were compared for both the X, We determined the number of eyes where the AcP and PI locations were not coincident considering the experimental uncertainty in the determination of both locations. A statistical analysis using a Student's t-test (two-sided, different variance) was carried out over the set of estimations in the positions of AcP and PI for each subject. Those eyes where the differences between these locations were statistically significant (P < 0.05) in X or Y direction are highlighted in Figures 3 and 4 , respectively, using a red outline. They represent 33% and 59%, respectively, of the measured eyes for the horizontal and vertical components.
The absolute distance between the AcP and PI is also relevant. Figure 5 shows the location of the AcP relative to that of PI for each eye. A red outline highlights those eyes for which this distance is statistically significant. Although for most measured eyes both points are not coincident, on average they were for the studied set of eyes. The mean location of the AcP relative to that of the PI was [x ¼À0.05 6 0.15 mm; y ¼ 0.09 6 0.18 mm], where the error was 61 standard deviation. Moreover, the histogram of distances represented in Figure 5 revealed that for approximately half of the eyes (55%), the distance between locations was less than 0.2 mm and was less than 0.4 mm in 95% of the cases. We did not find any eye where the AcP was separated by more than 0.6 mm from PI. For the sake of clarity, we omitted error bars in Figures 3 through 5. Figure 6 shows the histogram of the distance between the achromatic pupil (AcP) and PI.
DISCUSSION
We designed and implemented a new instrument to simultaneously determine the position of both the achromatic axis intersection with the pupil (AcP) and the first Purkinje image (PI) reflection in a normal population. The distance between these two marks on the pupil plane is relevant to better understand the suitability of the current centration procedures in corneal refractive surgery. It is common to use PI as the reference point assuming that it is close to the intersection of the achromatic axis with the pupil (AcP). Our results showed that on average, the location of both marks were coincident within our measurement error. This somehow validated the current surgical practice; however, an individual analysis reflects some issues to be considered. The origin of coordinates is the center of the pupil for each eye. Each value corresponds to the mean value across measurements for each subject. The symbols with red outlines correspond to those eyes whose PI and AcP position difference are statistically significant (P < 0.05).
FIGURE 4. Location of PI versus AcP along the vertical direction (y).
The origin of coordinates is the center of the pupil for each eye. Each value corresponds to the mean value across measurements for each subject. Symbols with red outlines correspond to those eyes whose PI and AcP positions are statistically significant (P < 0.05). We found that 28% of the measured eyes presented no statistically significant distances between these two points, another 27% of eyes showed a statistically significant distance but it was less than 0.2 mm, and only in 5% of the cases was the distance greater than 0.4 mm. According to a previous study, 14 0.4 mm can be considered as a limiting value for the permissible distance between PI and AcP. Use of the PI as the reference point in corneal surgical procedures might compromise the quality of vision in those eyes where the distance between PI and AcP is larger than 0.4 mm (5% in our sample). On the other hand, according to Figure 3 , AcP is on average slightly closer than the PI to the pupil's center along the horizontal direction. The slope (0.79) of the linear fitting is smaller than 1 and, indeed the proportion of eyes where the AcP lay somewhere between the pupil center and the PI (being not coincident) was 82%. Hence, on average, our results support the currently used centration procedures on the PI or close to it, along the direction to the pupil center. However, the results shown in Figure 5 suggest that the nasalinferior quadrant relative to the PI should be avoided because we did not find any eye with its AcP located in this area.
Although our results suggest that they represent a small fraction of the population, it would be interesting for the surgeon to be able to identify in advance those subjects whose PI and AcP are separated by more than 0.4-0.5 mm). In an attempt to find a possible screening technique, we tried a number of statistical correlations between AcP-to-PI distances and different biometric parameters measured in the same group of eyes. We did not find any correlation between the marks' distances and axial length, age, refraction, or pupil diameter.
In a further attempt to clarify the origin of our results, we performed customized ray-tracing simulations. By using a previously established procedure, 19 we built a set of 20 eye models from actual data measured in 20 young subjects: corneal topography, anterior chamber depth, axial length, angle kappa, and ocular spherical aberration. The refractive indices of the optical media were taken from published data. 20 Initially, all optical surfaces of the eye were centered along an optical axis, and the only misalignment included was the angle kappa. In this situation, the position of the achromatic axis, calculated as the pupil position producing overlapped retinal images for blue (400 nm) and red (600 nm) rays, and the position of the corneal reflection over the pupil plane perfectly matched each other (R 2 ¼ 0.999). This simulation further validated the choice of the corneal reflection as the reference for the implantation of corneal inlays. However, it does not explain the experimental variability observed in the distance between PI and AcP.
In a second series of ray-tracing simulations, we explored the effects of lens decentration, lens tilt, and lens thickness on the AcP position. Three of the previous model eyes were randomly chosen, and the achromatic pupil position was calculated as a function of these three parameters. The range of induced lens decentration was 60.5 mm; lens tilt was changed within a range of 648; and lens thickness was increased up to 2 mm over the initial value. The average results of these simulations are presented in Figure 7 . Linear addition of these three factors can account for distances between PI and AcP in the range of 60.325 mm, and 79% of our population was in this range. Larger distances might be explained by additional factors like larger misalignments, nonlinear additive effects, or chromatic effects of the gradient index distribution of the crystalline lens (not considered in the simulations).
The results and conclusions reported in this paper are based on measurements performed in a population composed mainly of young individuals with moderate refractive errors. Whether conclusions may be extrapolated to different ranges of age and refractive error requires further investigation, but it is worth noting that in our sample, no correlation was found with any of these features.
Although pupils may change centration with dilation, this did not affect our results, because we used the pupil center simply as a reference to estimate the positions of the used marks.
In conclusion, we designed and built an instrument to simultaneously measure the position of the corneal reflex and the achromatizing pupil position. We measured these features in a population of 90 eyes, finding that these two points virtually overlap on average and that individually they are closer than 0.4 mm in 95% of eyes. This result supports the use of the corneal reflex as an estimate of the achromatic axis position, which currently is one of the most widely used targets for corneal surgery. However, when possible, it is recommended that screening for patients showing discrepancies between these two marks that can severely impact the optical and visual outcomes of the surgical procedures.
